A serie of LaVO3 thin films have been prepared on (001)-oriented SrTiO3 substrates using the Pulsed Laser Deposition (PLD) technique. Transport properties are dominated by large sheet carrier density and large electronic mobility and non linear Hall effect is characteristic of a two carriers material. In addition, a cross-over from a semiconducting state at high-temperature to a metallic state at low-temperature is observed, with a clear enhancement of the metallic character as the growth temperature. We show that activated diffusion of oxygen vacancies in the SrTiO3 substrate is the major process which causes the metallicity, and the film-substrate assembly behaves accordingly as an original semiconducting-metallic parallel resistor. The discovery of a conducting and superconducting behaviors when stacking together the two band insulators LaAlO 3 (LAO) and SrTiO 3 (STO) has motivated intense research activities to understand these phenomena 1-3 . The genuine origin of the highly mobile charge carriers has been a central point of the debate, with models focusing on electronic reconstruction at the interface due to a polar discontinuity between the two insulators 2-5 , on cation intermixing or on oxygen vacancies [6] [7] [8] . It has been shown that 2D electronic conduction behavior can be observed for peculiar controlled conditions. In particular, oxygen pressure used for the film growth and annealing conditions are crucial parameters to tune the amount of oxygen vacancies and the dimensionality of transport properties 9,10 . Using a Mott insulator with strong coulomb interactions instead of a band insulator should allow to take advantage of rich properties of electronic correlated systems 11 , and other systems such as LaTiO 3 /SrTiO 3 (LTO/STO) have been investigated 12, 13 . Similarly as for LaO/STO, LTO/STO displays conducting behavior explained by electronic reconstruction, and superconductivity at low temperature 13 . LaVO 3 (LVO) is another well known Mott insulator with antiferromagnetic order 14 . Thin films of LVO/STO were synthesized using the PLD technique by Hotta et al.
A serie of LaVO3 thin films have been prepared on (001)-oriented SrTiO3 substrates using the Pulsed Laser Deposition (PLD) technique. Transport properties are dominated by large sheet carrier density and large electronic mobility and non linear Hall effect is characteristic of a two carriers material. In addition, a cross-over from a semiconducting state at high-temperature to a metallic state at low-temperature is observed, with a clear enhancement of the metallic character as the growth temperature. We show that activated diffusion of oxygen vacancies in the SrTiO3 substrate is the major process which causes the metallicity, and the film-substrate assembly behaves accordingly as an original semiconducting-metallic parallel resistor. The discovery of a conducting and superconducting behaviors when stacking together the two band insulators LaAlO 3 (LAO) and SrTiO 3 (STO) has motivated intense research activities to understand these phenomena [1] [2] [3] . The genuine origin of the highly mobile charge carriers has been a central point of the debate, with models focusing on electronic reconstruction at the interface due to a polar discontinuity between the two insulators 2-5 , on cation intermixing or on oxygen vacancies [6] [7] [8] . It has been shown that 2D electronic conduction behavior can be observed for peculiar controlled conditions. In particular, oxygen pressure used for the film growth and annealing conditions are crucial parameters to tune the amount of oxygen vacancies and the dimensionality of transport properties 9, 10 . Using a Mott insulator with strong coulomb interactions instead of a band insulator should allow to take advantage of rich properties of electronic correlated systems 11 , and other systems such as LaTiO 3 /SrTiO 3 (LTO/STO) have been investigated 12, 13 . Similarly as for LaO/STO, LTO/STO displays conducting behavior explained by electronic reconstruction, and superconductivity at low temperature 13 . LaVO 3 (LVO) is another well known Mott insulator with antiferromagnetic order 14 . Thin films of LVO/STO were synthesized using the PLD technique by Hotta et al. 15 . Importantly, a pure LVO phase can be formed only under low partial pressure of oxygen (typ. < 10 −5 Torr) and it is known that postannealing with oxygen quickly stabilizes the oxidized form of LaVO 4 . Then it is likely that the problematic of oxygen vacancies has to be adressed in LVO/STO films. This heterostructure presents a conducting behavior and low temperature non linear Hall effect, which were explained by an intrinsic mechanism of electronic reconstruction at the interface 16 . The prime role of interface effects for explaining the LVO/STO metallic properties was also recently adressed 17 , and the role of oxygen vacancies was not considered since a STO substrate placed in the deposition chamber as a reference was not conducting after the ablation process. However, similar argument was shown to be non definitive at least in LAO/STO since the presence of oxygen vacancies in STO is strongly enhanced by the presence of LAO deposited layers due to the contrast of activation energy for oxygen diffusion between the two materials 7 . The process of doping is then mainly driven by oxygen transfert between a growing film and its substrat 18 . Similar argument could a priori be applied in the LVO/STO case due to the difference in the diffusion for activation energy 19 . Other LVO/STO films were observed to be semiconducting-like 20 , what stress on the narrow window and strong sensitivity of transport properties in terms of oxygen partial pressure and the temperature used during the deposition. Here, we adress how the growth conditions affect the transport properties in a serie of high quality LVO/STO films, and the origin of the observed changes. Since the pressure can not be significantly change to stabilize V 3 + in LVO, the most usefull parameter that can be tuned is the temperature growth. To do so, we have synthetised a series of high quality LVO thin films deposited on STO (001)-oriented substrates under different growth temperatures, and investigated both the structural and magnetotransport properties. By comparing the samples, we show that the transport properties are dominated by a semiconducting-metallic competition which is sensitive to the temperature growth. This can be explained using the contribution of the STO substrate doped by thermally activated oxygen vacancies, that appears to be a generic process in STO based heterostructure.
Epitaxial LaVO 3 (LVO) thin films were prepared by the pulsed laser deposition technique on (001)-oriented SrTiO 3 (STO) substrates (cubic with a=3.905 Å). Briefly, a KrF laser (λ = 248nm) with a repetition rate of 2 Hz was focused onto a LaVO 4 polycrystalline target at a fluence of 2J/cm 2 . The substrate is kept at a temperature ranging from 600-750
• C under a dynamic vacuum around 10 −5 mbar. The targetsubstrate distance is fixed at 8.5 cm. The number of pulses was adjusted to obtain the desired thickness of 100 nm. conditions are similar as in 21 The X-ray diffraction measurements were performed with a θ/2θ diffractometer Seifert XRD 3000P (λ Cu =1.5406 Å) for room arXiv:1403.7648v1 [cond-mat.mtrl-sci] 29 Mar 2014 temperature measurements and with a θ/2θ X'pert Pro MPD PANalytical (λ Co =1.789 Å) for measurements at different temperatures.The LVO structure is orthorhombic (P nma (#62)) in its bulk form at room reperature and it undergoes a structural transition below 140K into a monoclinic (P 2 1 /c (#11))) symmetry 22 . Previously, we have shown that similar LVO thin film grown at 700
• C presents a distorted orthorhombic structure due to the compressive stress induced by STO, with original VO 6 rotations 21 . Transport and galvanomagnetic properties were measured using a Quantum Design PPMS with the Van Der Pauw technique. Electrical contacts were realized using Al/Au wire-bonder. Sheet resistivity is defined as usual as R s =ρ/t, ρ being the bulk resistvity and t the thickness. The absorbance spectra were obtained using a Perkin Elmer spectrophotometer Lambda 1050. A 150 mm diameter Spectralon integrating sphere in total reflectance mode was used. Both the specular and diffuse reflectance components were collected on a R955 photomultiplier tube.
A. Results. Figure 1 depicts the θ-2θ X-ray diffracted pattern of the LVO films grown at different temperatures and with different thicknesses. The sharpness of the peaks and the presence of Laue fringes confirm high structural quality, and a low interface roughness in agreement with previous reports 23, 24 . As the growth temperature increases, the peak associated to LVO shifts towards higher 2θ angle, indicating a decreasing out of plane parameter. A similar c-axis expansion effect is known to be induced oxygen vacancies induced by low oxygen partial pressure during film deposition in copper oxydes films 25 , and such effect has been recently discussed as relevant in PrVO3 films grown on STO 26 . The resistance of the films was measured as a function of the temperature T (See Fig.2 ). LVO is a localized system with semiconducting conductivity 42 even in the presence of cationic and/or oxygen vacancies 27, 28 . and stoechiometric STO are insulating, the low temperature data shows obvious metallic behavior with (dR/dT)>0 up to a temperature T * . For T>T * , dR/dT<0 indicating semiconducting-like behavior. T * varies for samples with different temperature growth with no obvious correlation. Room temperature values of sheet resistances R s varies from R s ∼ 2.71 to 28.5KΩ/ at room temperature to reach values as low as 71 Ω/ for the most conducting sample. The order of magnitude are in the intermediate range of heterostructures (LTO/STO 13 , LAO/STO 3 ) where low dimensional conduction and superconductivity has been discussed, and close to values reported in LVO/STO 16, 17 . An upturn of the resistance at low temperatures was reported by Hotta et al and was explained by an incipient localization 16 . We do not observe similar behavior probably due to a smaller amount of defects in agreement with the lowest residual resistivity (∼ 70Ω/ ) that we measure.
To understand the origin of the change of conducting mechanism at T * , we focus on the film grown at 700
• C (Fig.3) where T * ∼ 225K. Since the film presents a distorted orthorombic structure with significant tilts of VO 6 octaedra at room temperature 21 , it is worth asking if the thermal variation of transport properties correlates with changes in lattice parameters and/or structural distortion 29 . In particular, it is not known if the orthorombic to monoclinic observed at 140 K in bulk samples 22 is preserved in the thin film form of LVO. Note however that such transition favors orbital ordering and a more localized state 30 , hardly compatible with the low temperature metallicity observed here. The evolution of the out-of-plane lattice parameter of the film was recorded as function of temperature under cooling conditions (Fig. 3(b) . If small changes can be observed over a broad temperature range, there is no discontinuous changes that could indicate a transition and the temperature of c-axis minimum is shifted 60K from T * (Fig. 3(b) ). We conclude that the apparent semiconducting-metal is likely unrelated to the structural evolution of the LVO film.
To go further, we have investigated in details the galvanomagnetic properties of the same sample, and have measured the magnetoresistance MR and Hall effect at different fixed temperature.
As shown in Fig. 4 , a positive MR is observed at low temperature which reachs MR(14T)= R(14T )−R(0T ) R(0T ) ∼ 0.01 at 10K. It decreases continuously when increasing the temperature, as expected for metallic MR driven by mean free path effects. It increases notably in magnitude for T 100K. We will return to this point later. Note that a drastic change of MR can be expected at a metal to insulator transition due to Fermi surface reconstruction. We observe here that the MR indeed changes sign at high temperature, but only very continously and at a temperature larger than T * (Inset of Fig. 4 ). This confirms that T * corresponds to a smooth cross-over between two conducting regimes rather than a genuine transition.
We have measured the Hall resistance R xy at various temperatures. It is found negative indicating n-type carriers with our experimental geometry. First analysis have been made using a single band model and fitting the data in the low field regime where R xy is a linear function of the applied field. The mobility µ and the sheet carrier density n s have been then extracted as a function of the temperature and the results are reported in Fig. 5 . We deduce electronic mobilities and carrier sheet density of respectively µ ≈1. When looking closely at the R xy (B) curves, a nonlinear field variation of the hall resistance can be evidenced. The non linearity is specially obvious for T<100 K. A non linear Hall resistance was observed by Hotta et al. 16 in conducting LVO/STO at low temperature and was proposed to arise from spin effects such as antiferromagnetic fluctuations at the interface 16 or strong spin orbit coupling 31 . In other heterostructures, similar non linear effect was also analyzed with a conventional galvanomagnetic coupling, but using a two bands rather than a single band model ( 32, 33 in LTO/STO, 34 in LAO/STO). Here, the field variation starts to be non linear at similar field and temperature for both the Hall and longitudinal resistance. This is in favor of an explanation in terms of galvanomagnetic coupling.
Within a two band model, two groups of charge carriers with mobilities µ 1 and µ 2 and densities n 1 and n 2 are considered. In this case, the Hall coefficient R H = Rxy B can be written as 35 :
To constraint the fit, we use the approach used in 36, 37 by rewritting equation (1) as
which has two fitting parameters µ * and R ∞ , R 0 being the zero field limit of R H which is graphically determined. With the value of the zero field resistivity R xx = (e.n 1 .mu 1 + e.n 2 .µ 2 ) −1 , the following equations gives four independant parameters µ 1 , µ 2 , n 1 and n 2 A = (R 0 /R xx + µ * )/2
Analysis of the data using this two-Bands model is very satisfactory, as demonstrated by the good fits reported in the fig 6 .
The extracted parameters for all temperatures are shown in the fig 7. At low temperature, we find a carriers densities ratio n 1 /n 2 ≈ 0.14 and mobilities ratio µ 1 /µ 2 ≈ 3.2. One open question is if the two bands scenario arises from spatially separated carriers with one of the carriers family located at the interface of the heterostructure 33 . Another possibility is that these different carriers are intrinsic to STO due to its complex electronic band structure with at least the presence of one heavy and one light electron band 38, 39 . The relevance of this two band scenario intrinsic to STO was recently confirmed by Laukhin et al based on measurements and analysis of the pressure dependence of electronic mobilities and carrier density 40 . From litterature, on expects at low temperature a ratio of effective mass m 1 /m 2 ∼ 10-20 41 . The mobilities are related to effective mass by (µ 2 /µ 1 ) ∼ (m 1 /m 2 ) q with q a constant dependant of the scattering mechanism 35 . For a dominant charged impurity scattering at low temperature, q=1/2 and then (µ 2 /µ 1 ) ∼ 3.1-4.4 in very good agreement with our result. Then the contribution of STO alone is sufficient to account for non linear Hall effect in LVO/STO, and possibly in other heterostructures.
In the following, we will assume that the STO substrate is at least partially conducting. We propose a simple model to quantify this effect and to explain the macroscopic transport properties including the apparent metal to semiconducting transition. With our deposition condition, the low pressure (∼ 10 −5 mbar) used during the LVO growth induces oxygen vacancies in the deposited layers. Their diffusion is thermally activated, and the high temperature (T Growth > 600
• C) used during the film deposition allows for their effective migration. As a key point, the oxygen vacancies are generated in the deposited layers and moves in STO due to its low activation energy for vacancies diffusion 7, 19 . This process is more efficient as the growth temperature increases. If a high temperature growth favors oxygen vacancies in the substrate, the deposited film is correlatively more close to its stoechiometry. The c-axis parameter is known to expand with the oxygen vacancies (c-axis expansion effect) 25, 26 . Then we expect a decrease of the c-axis value with the growth temperature, as we observe experimentally. Small departure from perfect La/Va ratio can be favored from oxygen deficiency in LVO 42, 43 . However, such non stoechiometry has only a small effect on the transport properties of LVO which is a robust semiconductor with only small Band gap changes 28 . Contrarily, it is well known that even very small doping of STO by oxygen vacancies makes this latter conducting 8, 10 . We have then to deal with two resistors in parallel: the LVO film expected to be semiconducting like, and the STO substrate partially conducting. One assumption is that the conducting thickness of the STO will be fixed by the diffusion lenght of oxygen vacancies at the macroscopic scale, and then could be a strong function of the temperature growth. Note that parallel resistors with opposite temperature variation mimic an equivalent resistor with non monotonic temperature variation which presents a resistance maximum at some intermediate temperature 44 , in qualitative agreement with our measurements (Fig.2) . To be more quantitative, G i , ρ i and t i will stand for conductance, resistivity and thickness, and i=1,2 are the LVO and STO, respectively. For a parallel resistor, the equivalent conductance G is:
While t 1 = 100nm is the physical thickness of LVO, t 2 is an effective thickness corresponding to the conducting part of STO and related to the oxygen vacancies diffusion lenght . Of course, using this crude modelling with two conducting blocks, we neglect interface effects that could additionally contribute to conducting processes. They can be a posteriori added if necessary. We neglect also finite size effects and boundary scattering that could occur in superlattices with thiner layers. For all samples, the low temperature resistance R(T ) can be fitted by R res + A.T 2 (R res is the residual resistance) over a large temperature range what is typical of a doped-STO contribution (Fig. 8) . This indicates that the conducting paths are short-circuited by the substrate at low temperature (G 2 G 1 ) and R ∼ R 2 for T < typ. 100K. Assuming that R 2 (T ) = R 0 + A.T 2 is fullfilled up to 300 K as in bulk STO, R 1 (T ) and ρ 1 (T ) are directly deduced using equation (4) .
Conduction in bulk LVO is semiconducting-like with a resistivity described by a thermally activated law, ρ(T ) ∝ exp(E a /KT ) (E a the activation energy, K the Boltzmann constant). As shown in fig.8 , R 1 (T ) follows indeed such an activated behavior, and we found similar behavior for all the growth temperature (Fig.9) . The extracted activation energies E a are found close to 0.2 eV, a very reasonable value for conducting processes in rare earth vanadates such as LVO 42 . ρ 1 at room temperature are found to be in good agreement as the resistivity of bulk LVO 42 , and it increases when T decreases (Fig.9) . Since the highest growth temperature favors the diffusion of oxygen vacancies in STO, their amount in LVO is expected to be larger at 600
• C than at 750
• C. In one hand, the presence of oxygen vacancies or charge defects can reduce the resistance by doping and/or by creating mixed valencies in STO. In LVO, we observe at contrary an increase of resistance with oxygen nonstoechiometry. However, there is no contradiction with the litterature since the introduction of mixed valency in LVO by non stoechiometry processes favors carriers localization by the creation of defect states 28 . Finally, we conclude that R 1 is the resistance the LVO film.
Let us now return to the behavior of STO. The oxygen vacancies diffusion mechanism is a thermally activated process, with a diffusion constant given by an Arrhenius dependence D(T ) = D 0 exp(−U/KT ) where D 0 is the diffusion constant, U the activation energy. Then during a growth time τ d and at a temperature T growth , the diffusion lenght is (T growth ) = D(T growth ) × τ d . At a first approximation, the effective thickness of conducting STO can be written as t 2 ∼ . Dealing with the room temperature values of conductivity, we neglect here the possible spreading of carriers due to the unusual large dielectric constant of STO at low temperature 8 which was challenged in 10 . At room temperature and below, we assume also that the thermal energy (typ. 0.026 eV at 300K) is low enough to neglect any supplementary vacancies diffusion. Finally, one finds that the STO conductance G 2 is
Here the important parameter is U, the activation energy for diffusion of oxygen vacancies in STO, which is experimentally given by the slope of ln(G 2 ) as function of 1/T growth (Fig. 10) . The fit gives U ∼ 0.9 eV which is very reasonable comparing with litterature (U ∼ 0.7−1.4 eV) 45, 46 .
In conclusion, we have studied galvanomagnetic properties on a serie of LaVO 3 thin films grown on SrTiO 3 . We observe that, as it was reported for similar and other heterostructures based on STO substrate, pronounced metallic character with very large electronic mobilities is observed. Additionnally, a non monotonic temperature variation of resistance is observed with a strong influence of temperature growth. We present evidence that that the growth temperature modifies the substrate oxydation and its conductivity. As a consequence, the measured film behaves as a parallel-like resistor with semiconducting LVO and metallic STO resistances. Even though electronic reconstruction effects might be present in the system, the macroscopic electronic transport properties, including non linear Hall effect, are mainly driven by the competition between these two bulk components, with a strongly dominating role of STO at low temperature. 
